Influence of the meteoroid bombardment on properties of the lunar exosphere has been confirmed. Quick increase in the zenith column density of Na atoms above the lunar north pole on August 13, 2009 at 0-1 UT is detected and explained by numerous collisions of relatively small Perseid meteoroids (<1 kg) with the Moon during maximum of the Perseid meteor shower. New stringent upper limits of the column densities for Ca, Ba, and Ti atoms in the lunar exosphere are obtained as 5×10 7 , 2.2×10 6 , and 6.9×10 8 cm −2 , respectively. It is found that the content of impact-produced Ca and Al atoms in the lunar exosphere is depleted as compared to that of Na atoms.
Introduction
Spectral lines of atoms of sodium and potassium were discovered in the lunar exosphere by Potter and Morgan (1988) . The emission lines of neutral sodium were detected at distances of about 5 lunar radii from the center of the Moon on the sunward side and much fainter emission was detected at distances up to about 15-20 lunar radii on the antisunward side. The typical velocity of Na atoms in the extended lunar coma is about 2 km/s suggesting a high-energy source, such as impact vaporization of the regolith (Mendillo et al., 1991) . The distribution of sodium in the lunar exosphere depends on solar zenith angle, suggesting that most sodium atoms are liberated from the lunar surface by solar photons or by solar wind impact, in contrast to a source driven by uniform micrometeoroid bombardment Mendillo et al., 1993) .
Properties of the extended lunar sodium exosphere have been explained by a 15% contribution of sporadic micrometeoroid impact vaporization occurring uniformly over the lunar surface and an 85% contribution of photon-induced desorption dependent on solar zenith angle over the sunlit hemisphere . In particular, impact vaporization caused by collisions of sporadic meteoroids with the Moon may account for up to 50% of exospheric Na atoms over the terminator and poles (Sarantos et al., 2010) . Increase in the content of sodium atoms in the lunar exosphere is expected during activity of main meteor showers due to increasing intensity of meteoroid bombardment. For example, a small increase in temperature and column density of Na atoms in the lunar exosphere was detected during Leonid 1995 and showers , but no similar effects were detected during Geminid 1999 and Quadrantid 1999 meteor showers Verani et al., 2001) . A bright Na spot in the lunar orbit was detected after maximum of the Leonid 1998 meteor shower (Smith et al., 1999) . Thus, meteoroid impacts may lead to the production of Na atoms which are able to escape the lunar exosphere.
Several other authors reported sudden changes in the properties of the sodium lunar exosphere which may be associated with impacts of meteoroids. Hunten et al. (1991) detected an increase in the column density of Na atoms at 801 south latitude in the lunar exosphere of about 60% on October 14, 1990 as compared to the observations of October 12 and 13, 1990 while measurements at the equator showed no substantial change. These results were explained by the action of an unknown low-speed meteor shower. Similar quick changes in the column density of Na atoms above the north pole of the Moon on September 18-19, 1995, were reported and explained by impacts of numerous small low-speed meteoroids by . Sudden significant changes in Na temperature were detected during observations of the lunar poles on April 19 and May 10, 1998, which were interpreted as possible impacts of meteoroids . These possible impacts may be associated with Lyrid (maximum on April 22) and η-Aquarid (maximum on May 6) meteor showers. Thus, the column density of Na atoms in the lunar exosphere at the poles varies significantly, but the nature of this variability remains poorly understood.
The atoms of refractory elements, such as Ca, Mg, Al, and (Sarantos et al., 2011; Burger et al., 2012) . Several attempts to detect atoms of refractory elements in the lunar exosphere have been performed (Flynn and Stern, 1996; Stern et al., 1997; Halekas et al., 2013; Cook et al., 2013) , but all these observations were performed in the absence of main meteor showers. For this reason, meteoroid impacts were not considered in these papers as a source of the lunar exosphere. The search for lines of refractory elements above the north pole of the Moon during the Perseid 2009 meteor shower was performed by Churyumov et al. (2012) , and preliminary results of these observations were reported. The mass of impacted Perseid meteoroids was estimated as 15 kg. The upper limits of Ca, Ba, and Ti atoms in the lunar exosphere were estimated using a simple barometric model as 1.6×10 7 , 7.4×10 5 , and 1.2×10 7 cm −2 , respectively. However, in this paper we use the more appropriate model of Chamberlain (1963) for the study of exospheric atoms. In addition, we also include a geometric factor in the data analysis, and re-analyze original observational data against the early paper of Churyumov et al. (2012) .
Observations of the lunar exosphere and data reduction
Spectroscopic observations of NaI D1 (5895.9 Å) and D2 (5890.0 Å) resonance lines in the lunar exosphere were performed on August 12/13 and 13/14, 2009, during maximum of the Perseid meteor shower using the echelle spectrograph MMCS (Multi Mode Cassegrain Spectrometer) of the 2-m Zeiss telescope (Terskol branch of Institute of Astronomy of Russian Academy of Sciences, Kabardino-Balkaria, Russia). The slit of the spectrograph has a height of 1000 and a width of 200 . Using a 1245×1152 pixel CCD, 31 spectral orders in the range from 3720 to 7526 Å were recorded. The spectrograph resolution was R=13 500; the signal-to-noise ratio of the obtained spectra was about 50 at the position of NaI D2 line. Six echelle spectra were recorded at the distances of 50 ′′ , 150 ′′ , and 250 ′′ (90, 270, and 455 km, respectively) from the lunar limb above the north pole which was bombarded by Perseid's meteoroids (see Table 1 ). The exposure time of each spectrum τ obs was 1800 s.
The echelle package of the MIDAS software system was used to process the spectroscopic data reduction: remove the cosmic rays, detect and extract the echelle orders, wavelength calibrate using the spectrum of a standard Fe-Ar lamp, and flux calibrate using the standard star HD 214923. At the end of data reduction processing we obtain the spectra in absolute fluxes. At this stage, the data contained both the spectra of the lunar exosphere and the solar spectra reflected from the lunar surface and scattered in the Earth's atmosphere. To finally extract the contribution of the lunar exosphere we use the solar spectrum taken as the spectrum of daytime scattered light (see Fig. 1 ).
The spectral transparency of Earth's atmosphere at 600 nm was taken as 88% at 451 in accordance with Tug (1977) . In Table 1 , parameters of the performed observations are listed: the time of observations, the altitude of the slit above the lunar surface, the position angle of the observed point with respect to the direction of the north pole of the Moon, and the intensity of sodium resonance lines. We notice that: (1) the brightness of Na lines at 270 and 455 km from the limb is 109% and 93% versus that at 90 km on August 12/13, 2009 (see Fig. 1 ); (2) the brightness of Na lines at 270 and 455 km from the limb is 89% and 58% versus that at 90 km on August 13/14, 2009; (3) the brightness of the reflected solar spectrum at 270 and 455 km versus that at 90 km is 78% and 56% on August 12/13 and 73% and 52% on August 13/14, 2009, respectively. Similar behavior of the intensity of the scattered light in the vicinities of the Moon means that transparency of Earth's atmosphere was almost the same during both observational nights. More detailed information about properties of Na exosphere can be obtained from estimates of temperature and column density of Na atoms.
The properties of the lunar exosphere
Let us define the observed point as the nearest point at the line of sight to the lunar surface. According to Eq. (6.2.3) of Chamberlain and Hunten (1987) in approximation of optically thin atmosphere the line-of-sight column abundances N LOS at the given altitude h of the observed point are calculated as
where 4πI is the emission of atoms for the studied elements (in Rayleighs) measured at the altitude h and g is the emission rate factor in photons atom −1 s −1 (see Table 2 ). To theoretically model the properties of non-stationary exospheres, advanced Monte Carlo technique can be applied (see, for example, Goldstein et al. (2001) ). However, lack of information about exact positions, times, and masses of impacting meteoroids severely restricts usage of such models. For this reason, as a first step of interpretation of our observations, we assume local equilibrium of the exosphere. In this case we can use the sphericalsymmetry model of Chamberlain (1963) taking into account changes in gravity with height or, in some approximation, the simple barometric formula (in our range of altitudes) to obtain exospheric parameters near the observed point from line-of-sight column abundances. As a result the scale height H of Na atoms on August 13/14 is estimated as 700 7200 km using the least-squares regression of the measured intensities of Na D1 and D2 lines with theoretical exponential dependence of the intensity on height (the coefficient of determination r 2 =0.9). The temperature of Na atoms is estimated as 3100±800 K from the barometric formula T = HA r (Na)a/R, where the atomic mass A r (Na) = 0.023 kg/mol, a = 1.62 m/s 2 is the gravitational acceleration on the surface of the Moon, and R=8.31 J mol −1 K −1 is the gas constant. For observations of August 12/13 the coefficient of determination r 2 is very low, about 0.1, and the temperature of Na atoms is estimated in the range between 18,000 and 7000 K. Hence, the temperature of Na atoms on August 12/13 cannot be estimated because during observations the column density of Na atoms changes significantly. Meteoroid bombardment is considered as the main source of Na atoms at the poles (Sarantos et al., 2010) . In this paper the temperature of Na atoms is estimated to be about 3000 K when influence of meteoroid bombardment on properties of the lunar exosphere is maximal, because this time the Moon is located in the Earth's magnetosphere protecting the lunar surface from the interaction with solar wind particles. For these reasons, the temperature of Na atoms on August 12/13, 2009, is assumed to be the same (3100 K) as that on August 13/14, 2009.
We study several possible models of temporal activity of the Perseid meteor shower (see Fig. 2 ). In accordance with Chamberlain (1963) and assuming the local spherical symmetry of the exosphere (the case of numerous impacts of small meteoroids) the zenith column density N zen (h) at the given altitude h is estimated as
where R Moon = 1738 km is the radius of the Moon, H(h) is the scale height of studied species at the given altitude h in the lunar atmosphere, K zen and K tan are correction factors to the simple plane-parallel model of the lunar exosphere with constant gravity for calculations of N zen (h) and N tan (h), respectively, taken from Table 3 of Chamberlain (1963) . According to Chamberlain (1963) , the surface zenith column density N zen0 is calculated as where H 0 is the surface scale height, ζ is the partition function taken from Table 2 of Chamberlain (1963) , the index "0" denotes the value of these considered functions at the surface. Let us suppose that the observed increase in the Na surface zenith column density (see Table 1 ) on August 12/13, 2009 is caused by numerous impacts of Perseid meteoroids. In this case the surface column density of additional impact-produced Na atoms N zenImp0 can be estimated as
where N zen0 (90) is the first spectrum obtained at 90 km N zen0 (270) is the second spectrum obtained at 270 km Here we use the approximation of the local equilibrium of the exosphere before and after meteoroid impacts. The N zenImp0 value weakly depends on assumed temperature of Na atoms. Namely, this value is about (4.9±0.8)×10
8 , (4.0±0.6)×10 8 , and (3.7±0.5)×10 8 cm −2 at temperature equal to 2000, 3000, and 4000 K, respectively. The found column density of Perseid impact produced Na atoms at the assumed temperature of 3100 K, about 4×10 8 cm −2 , is several times lower than the background column density of Na atoms above the north pole of the Moon near the last quarter, about 10 9 cm −2 , in agreement with our observations (see Table 2 ) and observations of Sprague et al. (2012) , and comparable to the upper limit of the column density of impact-induced Na atoms delivered to the lunar exosphere by impacts of sporadic meteoroids, about 3×10 8 cm −2 , as estimated by Sarantos et al. (2008) .
Taking into account the global asymmetry of the distribution of impact-produced Na atoms in the lunar exosphere, the mass of impact-produced Na atoms M ImpProd is estimated as
where S bomb = 1.9×10 17 cm 2 is the area of the hemisphere bombarded by the Perseid meteor shower (see Fig. 3 ), N A = 6.02×10 23 is the Avogadro constant, k geom is the geometrical factor depending on the spatial distribution of emitting atoms in the lunar exosphere. The k geom value is the ratio of the column density N zenImp0obs at the observed point to the average column density N zenImp0 above the hemisphere bombarded by Perseids:
where the model distribution function f N (b, l) is the surface column density of impact-produced atoms of considered elements at given selenographic latitude b and longitude l while the integral is taken over the whole lunar surface. To model the distribution function f N (b, l), we use a simple approximation of homogeneous meteor shower with large numbers of meteoroid impacts and small impact-produced clouds. It was assumed that the activity of the Perseid meteor shower quickly increased soon after recording of the first spectrum and remained constant during recording of the second and third spectrum of August 12/13, 2009 (see also (2001) the surface column density decreases from impact point sharply, and most of mass of impact-produced matter concentrates in the small neighborhood of impact points during first hour after an impact. In this case it is safe to consider the global distribution function f N is to be proportional to the frequency of meteoroid impacts, i.e. to cosine of angular distance φ from subradiant point on the hemisphere facing the radiant:
and zero on another hemisphere. As a result, k geom =2 cosφ obs , where φ obs is the value of angle φ for the observed point. The angle φ obs is equal to 56 and 59
• ; k geom value is about 1.1 and 1.0 for observations of August 12/13 and 13/14, 2009, respectively. By using Eq. (5), the mass of additional impact-produced Na atoms is estimated as 3 kg.
We assume this additional mass is produced by increase in the mass flux of the Perseid meteor shower. To estimate the increase in the mass flux ∆ F imp we can use a simple formula:
where τ loss (Na) is the lifetime of Na atoms in the exosphere, S bomb /2 is the cross-sectional area of the Moon, {Na} is the Na mass fraction in the impact-induced hot cloud, Y is the targettoimpactor mass ratio in the cloud. We estimate the lifetime of Na atoms as 1/τ loss (Na) = 0.9/(2×τ bal (Na)) + 0.1/τ ion (Na), where τ bal (Na) = 1.3×10 3 s is the mean time of ballistic flight Sullivan and Hunten (1964) , and (d): Flynn and Stern (1996) . The dependence of g-factors on radial velocity is considered for Na 5890 and 5896 Å, Ca 4227 Å, Al 3962 Å, Fe 3859 Å, and Ti 3990 Å lines; for other lines g-factors are given at zero Doppler shift. (d) -column densities are calculated for 400 K at the 5 sigma level by Flynn and Stern (1996) ; the depletion factors are estimated for the case of all mechanisms of delivery of atoms to the exosphere. (e) -column densities obtained by Flynn and Stern (1996) of Na atoms at 3100 K, τ ion (Na) is the Na photoionization lifetime, 6.2×10 4 s (Huebner et al., 1992 ), because we assume that impact-produced Na atoms can be seen at observed altitudes just during two ballistic hops (see also Section 4.3 of this paper) while 10% of Na atoms at 3100 K are at escaping orbits and lifetimes of escaping atoms are determined by slow photoionization. According to this estimation, τ loss (Na) = 2.88×10 3 s. The residence time τ res of Na atoms at the surface is equal to 0.7 s at 100 K for adsorption of Na atoms at quartz and rapidly decreases with increasing temperature (Hunten et al., 1988) . Since τ res (Na) << τ loss (Na), we can neglect the residence time. The north pole of the Moon bombarded by Perseids has a quite low content of Na-rich KREEP basalts and gabbronorites and its average elemental composition corresponds to mixture of ferroan anorthosites and norites with mass ratio of about 1:1 (Berezhnoy et al., 2005) . For this reason the elemental composition of the lunar regolith is assumed to be the same as the composition of the mixture of ferroan anorthosites and norites, namely, 0.28 wt% for Na (Lodders and Fegley, 1998) . The elemental composition of Perseid meteoroids is assumed to be the same as composition of CI chondrites, namely, 0.5 wt% for Na (Lodders and Fegley, 1998) . The target-to-impactor mass ratio Y in the impactinduced hot cloud is assumed to be 50 for the case of 59 km/s impacts of Perseid meteoroids in accordance with Cintala (1992) . Thus, the Na mass fraction in the impact-induced hot cloud Na is assumed to be 0.0028. More details about estimation of these values can be found in Berezhnoy and Klumov (2008) and Berezhnoy (2013) . Finally, the increase in the mass flux ∆F imp can be estimated with Eq. (8) to be 7.7×10 −17 g cm −2 s −1 or 27 kg/h. This value corresponds to mass of impacted meteoroids of about 20 kg during the lifetime of Na atoms in the lunar exosphere, about 2900 s.
Because τ loss (Na) is comparable with duration of performed spectral observations, it is possible to use another model to describe the sharp increase in Na emission, namely, short-time series of impacts at about August 13, 2009, 23:50 min UT.
Assuming a homogeneous distribution of impacts along the section and using Eq. (5), we obtain the same mass impactproduced Na atoms M ImpProd = 3 kg, and the impactors can be estimated by a simple formula:
Using Eq. (9) we estimate the mass of impactors M imp to be about 20 kg.
Accuracy of our data is not enough to distinguish the model of flux increase and the model of short-time numerous impacts (see Fig. 2 ). However, the nature of both models is the same, therefore we may consider the estimations of ∆F imp and M imp as two different representation of a single phenomenon of Perseid shower strengthening.
A search for strongest bands of impact-produced diatomic molecules (namely, the 0-0 band of AlO B 2 Σ-X 2 Σ (4843 Å) and the 0-0 band of MgO B 1 Σ + -X 1 Σ + (4986 Å)) was also performed. Einstein coefficients are equal to 6×10 6 s −1 (Honjou, 2011 (Honjou, , 2012 ) and 2×10 7 s −1 (Daily et al., 2002) for the considered AlO B-X and MgO B-X transitions, respectively. Assuming that the duration of thermal emission is 0.1 s, the electron temperature is 3100 K and that all Al and Mg are present in the form of AlO and MgO molecules, intensities of studied transitions are estimated to be equal to 5×10 −3 and 3×10 −4 R for AlO and MgO, respectively. These values are well below the found upper limits, about 1.2 R for AlO (4843 Å) and 3 R for MgO (4986 Å). Thus, even if these molecules are present in the lunar exosphere, they cannot be detected with this spectroscopic technique.
A search for other emission lines such as Fe (3860 Å), Al (3962 Å), and Ca (4227 Å) in recorded spectra was also performed. Upper limits of the intensitity of expected emission lines are estimated. Fig. 4 shows the "non-detection" of Ca. The same procedure described in Eqs. (1)- (4) is applied for the analysis of emission lines of atoms of other elements. It is assumed that the temperature of atoms of all considered elements is 3100 K. The found upper limits of abundances of atoms of other elements are given in Table 2 . The theoretical line intensities of atoms of still undetected elements in the lunar exosphere can be also estimated. In accordance with Eq. (2) from (Berezhnoy, 2010) , the surface zenith column density N zen0 (X) of impact-produced atoms of considered element X can be calculated as
where F ret is the retention factor defined as the mass fraction of the impact-produced cloud captured by the Moon, {X} is the mass fraction of element X in the cloud; τ loss (X) is the lifetime of atoms of X in the exosphere; F unc (X) is the fraction of uncondensed species of element X in the gas phase; F imp is the mass flux of incoming meteoroids in units of g cm −2 s −1 ; and m(X) is the mass of atoms X in grams. The term f atom (X) is the ratio of the abundance of atoms of the element X produced directly during impact and by photolysis to the total abundance of Xcontaining species in the gas phase of the cloud. In accordance with Berezhnoy (2013) , the retention factor F ret is assumed to be 0.6 and the elemental composition of the impact vapor is assumed to be that of mixture of CI chondrite, norite, and ferroan anorthosite with mass ratio equal to 1:25:25. The lifetimes τ loss (X) of considered atoms in the exosphere were also estimated in accordance with Berezhnoy (2013) . Using these assumptions and F unc (X) = f atom (X) = 1, theoretical brightnesses of atomic lines of different elements for the case of the Perseid mass flux of 27 kg/h are estimated and summarized in Table 2 .
Discussion

Other sources of Na atoms in the exosphere
Intensities of solar wind and solar X-rays on August 12/13 and 13/14, 2009 are comparable (Solar monitor, 2009; OMNI, 2009) . Table 3 lists the solar radio flux at 10.7 cm and the solar wind density and velocity at the time of observations. The last two data are related to ion sputtering and high values would indicate high rates; F10.7 index, instead, is a proxy for the solar UV activity, hence also of the photon stimulated desorption efficiency. All these values are clearly in the usual ranges. For example, the five minute average values of the solar wind density during both nights are roughly constant within 20% and always below 4 cm −3 . High-speed streams or highly compressed regions (such as coronal mass ejections or co-rotating interaction regions) were not observed at 1 AU, and the space weather was rather calm during those days (ACE-SWEPAM, 2009). Meanwhile, we cannot exclude possible influence of some factors in the solar wind on the discussed phenomenon, which should be investigated in the future. Changing illumination conditions leads to a higher rate of photon-simulated desorption of lineof-sight Na atoms from the surface to the lunar exosphere on August 12/13 as compared to August 13/14, 2009. However, illumination conditions are changed too slowly to explain sudden changes of Na column density during several hours.
Let us assume that activity of the Perseid shower on the Moon was the same as that on Earth at the same time; in fact, 59 km/s Perseid meteoroids cross the distance between Earth and the Moon in about 100 min and the Moon was near the last quarter. Maxima of the Perseid meteor shower on Earth occurred on August 12, 2009 at 8 and 18 UT and August 13, 2009, 6 UT. According to IMO (2009) , the activity of Perseid 2009 meteor shower on Earth in units of zenithal hourly rate (the number of meteors a single observer would see in one hour under a clear, dark sky if the radiant of the shower were at the zenith) was equal to 65 and 25 on August 12, 23 UT -August 13, 1 UT and August 13, 23 UT -August 14, 2009, 1 UT, respectively. Thus, we expect a related enrichment of the content of impact-produced Na atoms in the lunar exosphere on August 12/13, 2009. Moreover, at the time of performed observations only the intensity of micrometeorite bombardment changes significantly, while other sources of the Na lunar exosphere (ion sputtering and photon-induced desorption) remain almost constant.
Accuracy of estimation of mass of impacted Perseid meteoroids
Let us estimate the accuracy of our estimation of total mass of impacting meteoroids. Taking into consideration uncertanties of the estimation of the temperature of Na atoms, the accuracy of the Na column density is estimated to be about 50me-teoroids could occur at Na-rich regions. In fact the Na content in the lunar rocks is variable, from 0.27 wt% in ferroan anorthosites and 0.3 wt% in norites to 0.7 wt% in gabbronorites and KREEPbasalts (Lodders and Fegley, 1998) . Deposits of Na in the atomic form are located at the poles of the Moon. About 1.5 kg of Na atoms were released to the impact-produced plume above the south pole of the Moon after the LCROSS impact in the crater Cabeus . Assuming mass of the plume of about 3000 kg (Colaprete et al., 2010) , this amount corresponds to about 0.05 wt% of Na content at the south pole of the Moon. As a volatile element, Na is enriched in the impact-produced cloud as compared to that in the lunar regolith (Gerasimov et al., 1998; Yu and Hewins, 1998) . Both factors may lead to overestimation of mass of impacted Perseid meteoroids. Additional significant uncertainty may appear due to poor accuracy of estimations of duration of Perseid meteoroid peak activity, lifetime of Na atoms in the lunar exosphere, the target-to-impactor mass ratio in the impactproduced cloud, and the k geom value. In summary, total mass of impacted Perseid meteoroids during the lifetime of Na atoms in the lunar exosphere, about 2900 s, is estimated with an accuracy of about a factor of three, to the range between 7 and 70 kg. Let us note that according to estimates of the Perseid mass flux on the Earth (Hughes and McBride, 1989) , the total mass flux of Perseid meteoroids colliding with the Moon is about 1 kg/h; this value is significantly lower than our estimate.
Single big impact or numerous small impacts?
To analyze the spectral observations a model of numerous impacts of small meteoroids (see Eq. (7)) was used. Another possibility is to model the unique impact of a big meteoroid. The probability of impact of a 300 kg (80 cm in diameter) sporadic meteoroid (for this case Y= 3, see Eq. (10)) required to explain the changes of properties of Na atmosphere of the Moon can be estimated as the ratio between the duration of our observations and the frequency of required collisions. Frequency of collision of a required 80 cm sporadic meteoroid is about one event per week on Earth (Brown et al., 2002) ; the probability of such impact during our observations on August 12/13, 2009 is estimated as low as 5×10 −4 h −1 . Based on recent observations of impact events, this value is estimated as high as 5×10 −3 h −1 (Ortiz et al., 2006; Brown et al., 2013; Madiedo et al., 2014) . However, even higher collision rate of sporadic meteoroids cannot explain observed significant quick changes of the Na surface zenith column density. Presence of massive bodies in meteor streams is characterized by the mass distribution index s. Namely, if the s value is less than 2, the majority of mass is concentrated in several big bodies. In the opposite case, it is concentrated in small numerious meteoroids. Hypothesis of the single impact of a big meteoroid is in agreement with average mass distribution index of 1.45 found through radar observations of the Perseid showers of 1980 -1983 , 1985 , 1986 , 1989 , 1995 , 2000 (Pecinová and Pecina, 2007 . Other radar observations give slighly higher s value equal to 1.61 (Šimek, 1987) . Estimations of the spatial number density of Perseid meteoroids with diameters of 0.03 mm Rendtel, 1996), 1 cm (Beech and Illingworth, 2001) , and 3 m (Smirnov and Barabanov, 1997) and results of Beech et al. (2004) agree with the Perseid meteor shower mass distribution index of about 1.6-1.8. Based on Fig. 2 of Beech et al. (2004) at the assumed s = 1.7, the frequency of collisions of 30 cm Perseid meteoroids with the Moon is estimated as several impacts per hour during maximum of the Perseid meteor shower. However, Apollo seismograms in 1975 detected an impact rate of small (about 0.1-1 kg) Perseid meteoroids of about 5 events per day, while large meteoroids (41 kg) were not detected in 1972-1976 and only the upper limit of the impact rate of such meteoroids is estimated as about 0.5 events per day (Oberst and Nakamura, 1991) . Only a unique optical flash at the surface of the Moon caused by Perseid meteoroid is detected (Yanagisawa et al., 2006) . Mass of the impacted meteoroid, about 12 g, and duration of performed observations agree with low frequency of impacts of large Perseid meteoroids (41 kg) estimated by Oberst and Nakamura (1991) . The works of Oberst and Nakamura (1991) and Yanagisawa et al. (2006) can be explained if the s value is about 2.0 or higher. In this case the frequency of 30 cm Perseid meteoroid impacts can be estimated as low as 3×10
−3 h −1 . One of the possible reasons of significant uncertainty of the impact rate of big Perseid meteoroids is that the s value depends on time. For example, radar observations give the s value range between 1.3 and 1.6 during different years Pecinová and Pecina (2007) . These changes may be also responsible for variable impact rates of massive Perseid meteoroids reported by Oberst and Nakamura (1991) .
Based on our observations, it is possible to try to distinguish scenarios of the unique impact of big meteoroids, short-time series of small impacts, and increases in the Perseid mass flux (see Fig. 2 ). Namely, after the big unique impact and short-time series of small impacts, the temperature of impact-produced Na atoms will decrease quickly while for the case of an increase in the mass flux it remains constant. Assuming the energy accommodation coefficient χ = 0.62 for sodium (Hunten et al., 1988) , the surface temperature of 350 K, and the initial temperature of Na atoms of 3000 K, the effective temperature will be equal to 1350, 730, and 500 K after a first, second, and third collision of Na atoms with the surface, respectively, occurring about 21, 35, and 45 min after the impact, respectively. These temperatures correspond to scale heights equal to 670, 300, 160, and 110 km, respectively. It may lead to the significant decrease of the amount of detected Na atoms at 455 km altitude during recording of the third spectrum if single impact or shorttime bombardment by small meteoroids occurred between August 12, 23:40 UT and August 13, 0:15 UT. Thus, almost equal column densities of Na atoms estimated from second and third spectra can be better explained by increase in the mass flux of small meteoroids. However, if the value is significantly lower than 0.6 as discussed by Smyth and Marconi (1995) , then hypotheses of unique impact or short-time bombardment by small meteoroids are still valid if it occurred exactly at the middle of the second spectrum of August 12/13, 2009 which seems to be unlikely as discussed above.
The presence of atoms of refractory elements in the lunar
exosphere In our observations the depletion factor I theor /I obs is defined as the ratio of predicted theoretical intensity I theor to the ob-served upper limits I obs of the emission intensity of the atoms in study at a given altitude at the 3 sigma level. The estimated lower limits of depletion factors of refractory elements depends on altitude and time of performed observations. Namely, for all mechanisms of delivery of the atoms in study to the lunar exosphere lower limits of depletion factors were maximal for the first spectrum recorded on August 13/14, 2009. For the impact delivery, the lower limits of depletion factors were maximal for the second spectrum recorded on August 12/13, 2009, because at this period of time the Perseid meteoroid mass flux was maximal. The upper limits of Ca and Al column densities are significantly lower than those estimated using Eq. (10) in assumption that F unc (X) = f atom (X) = 1 (see Table  2 , observed vs theoretical brightness). This result can be explained if F unc (X) f atom (X) << 1 for Al and Ca. Depletion of abundances of impact-produced atoms of refractory elements such as Ca and Al in the lunar exosphere occurs due to formation of slowly photolyzed molecules and condensation of dust particles in the cooling impact-produced cloud (Berezhnoy, 2013) . Several other authors also estimated upper limits of refractory elements in the lunar exosphere (see Table 2 ). However, these observations were performed in the absence of major meteor showers and include information about different sources of atoms of refractory elements in the lunar exosphere including sporadic meteoroids and solar photons. Using Eqs. (1) and (4) from (Berezhnoy, 2013) , for the case of all mechanisms of atom delivery in the lunar exosphere and assuming [Na]=2.2×10 9 cm −2 , lower limits of depletion factors regarding Na for observations of Flynn and Stern (1996) , , Cook et al. (2013) are also estimated (see Table 2 ). As compared to these results, our observations give stringent upper limits of the column density for Ca, Ba, and Ti atoms (see Table 2 ). Our observations also give a comparable limit of depletion factors for Ca atoms as compared to the previous best estimate of Flynn and Stern (1996) while Cook et al. (2013) gave stronger constraints on behavior of Al, Si and Fe atoms in the lunar exosphere. As for Li and Ba, our obtained upper limits of the column densities are comparable with estimated theoretical values while the theoretical upper limits of the column densities of Fe, Ti, and Mn atoms are significantly lower than the obtained upper limits even at the most favorite case of F unc (X) f atom (X) = 1.
Conclusions
Increase in the zenith surface column density of Na atoms in the lunar exosphere on August 13, 2009 at 0-1 UT of about 40detected while observations of August 13/14, 2009 show the almost constant surface column density of Na atoms estimated from all three recorded spectra. Our observations can be better explained by numerous collisions of small Perseid meteoroids (< 1 kg) with the Moon (the mass flux is about 27 kg/h) with respect of single impact hypothesis (mass of unique meteoroid of about 20 kg). New stringent upper limits of Ca, Ba, and Ti column densities in the lunar exosphere are obtained. Lower limits of depletion factors of Ca and Al atoms in the lunar exosphere during maximum of the Perseid meteor shower are estimated for the first time and explained by formation of silicate dust particles during cooling of an expanded impact-produced cloud. Our observations confirm influence of the meteoroid bombardment on the properties of the lunar exosphere. More observations of the lunar exosphere during activity of meteor showers are required for deeper understanding of these phenomena.
